Introduction

28
In recent years, a large number of ambient ionization techniques have been reported, with 29 desorption electrospray ionization (DESI) and direct analysis in real time (DART) among the 30 most widespread 1,2 . In addition, dielectric barrier discharge ionization (DBDI) sources have 31 attracted a lot of attention in the scientific community, after the introduction of the low 32 temperature plasma (LTP) source 3 . 33 A dielectric barrier discharge is achieved when an alternating current is delivered to two 1 electrodes that are separated by a dielectric material. Several DBD configurations with 2 different electrode and dielectric dimensions and shapes have been reported [4] [5] [6] . The applied 3 current induces a polarization of the dielectric and a mild discharge, which generates the low-4 temperature plasma. In general, a DBD generates a non-equilibrium plasma, meaning that the 5 charged species generated have a higher kinetic energy than the neutral molecules. The fairly 6 low overall energy involved in the discharge leads to the cold nature of the resulting plasma. 7
When a DBD is used to ionize gas-phase molecules, the amount of energy that is transferred 8 to them is generally relatively low. Fragmentation of the analytes can be observed, to some 9 extent, by tuning specific source parameters like electrode dimensions, operating voltage and 10 frequency 7 , type of gas, as well as with a longer residence time of the analytes inside the 11 plasma. In our setup, the molecules mainly interact with the reactive species generated by the 12 plasma, causing little or no fragmentation during the ionization process. The great success 13 and increasingly widespread use of DBDI sources for ambient mass spectrometry in the last 14 few years is also due to the sensitivity of this technique, since the ionization efficiency can be 15 very high. 16
In this work, we employ an "active capillary" embodiment of a DBDI source developed in 17 our research group 8, 9 , and interface it directly to a novel solid-phase microextraction (SPME) 18 device. The first direct SPME-DBDI-MS and the SPME-GC-DBDI-MS hyphenations were 19 recently reported by Mirabelli et al. 10, 11 , successfully using a low temperature plasma source 20 for pesticide and drug quantification. Compared to existing direct couplings of SPME to MS 21 12 , using DART 13 , nano-ESI 14 or DESI 15 , the approach proposed here is based on a thermal 22 desorption of the analytes prior to ionization. These two steps remain separate, and can be 23 tuned independently, allowing for a more flexible method development. In addition, this 24 setup does not require a precise tuning of the position of the SPME device in the ionization 25 source or in front of the mass spectrometer inlet, parameters which are critical in the 26 aforementioned SPME direct coupling approaches to obtain reproducible results. 27
Although several geometries of SPME were reported, the most widespread one to date is 28 certainly the fiber geometry, in which a thin layer of extracting phase material (coating) is 29 used to coat a fused silica fiber or a metal wire. Recently, thermal desorption based SPME 30 approaches have moved a step ahead toward the analysis of complex matrices, especially 31 after the introduction of new, matrix-compatible SPME coating 16 . The anti-fouling properties 32 of the matrix compatible coating are due to a thin (10-20 µm) and smooth outer layer of pure 33 polydimethylsiloxane (PDMS) that overcoats the inner SPME extractive phase, preventing 1 irreversible attachment of matrix components 16 . The use of this matrix compatible coating 2 enabled the analysis of pesticides in various complex matrices, with very satisfactory results 3 in terms of durability of the SPME coating, reproducibility and limit of quantitation obtained, 4 often achieving better or comparable performance than other conventional sample 5 preparation approaches used for food contamination assessment [17] [18] [19] [20] . One of the main 6 features of the matrix-compatible coating is its ability to endure direct immersion in complex 7 food matrices and avoid the attachment of matrix constituents, which would undergo 8 degradation during thermal desorption, and thus degrade the surface of the SPME phase, 9 compromising its extraction performance. The inertness of the SPME coating towards matrix 10 components results not only in better performance and longer coating lifetime (over 100 11 consecutive extractions), but also in reduced instrumental contamination 18 . The latter is 12 especially important when a direct coupling of SPME to mass spectrometry is carried out 21 . 13
In this work, a novel matrix compatible PDMS/DVB/PDMS fiber was used to quantitatively 14 determine pesticides in grape juice. The matrix compatibility observed for this method 15 allowed the simultaneous analysis of several pesticides, avoiding the need for additional 16 sample extraction, pre-treatment and derivatization. In this way, conventional and time-17 consuming chromatographic separation can be circumvented, and quantitative determination trifloxystrobin, azoxystrobin, pyridaben, pyraclostrobin, pyriproxyfen, tebuconazole, 28 cyprodinil, difenoconazole and malathion. Organic grape juice was purchased at local 29 grocery stores in Zurich (Switzerland) and in Waterloo (ON, Canada). PDMS/DVB/PDMS 30 coatings were prepared in-house following the procedure described by Souza-Silva et al. 16 
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Sample preparation. Individual pesticide standard stock solutions were prepared at a 32 concentration of 5 mg/mL in acetonitrile, and stored at -20 °C. A mix of the pesticides at 33 100 µg/mL in acetonitrile was prepared from the stock solutions. Diluted solutions used for 1 SPME analysis were prepared in ACN from the mix and were stored at a temperature of 4 °C. 2
The grape juice samples were spiked with an aliquot of the pesticides standards mixtures, 3 always keeping the total amount of solvent spiked in the matrix below 1% (v:v). 4 SPME extraction. The extractions from grape juice were done using PDMS/DVB/PDMS 5 fibers. For the SPME-DBDI-MS experiments, a pre-equilibrium extraction time of 20 min 6 was chosen, performed at room temperature (25 °C) with a magnetic stirring of 700 rpm. The 7 extraction volume was 9 mL. For SPME-GC-EI-ToF/MS experiments, an extraction time of 8 30 min was chosen, since for this approach the extraction time is less important, because one 9 needs to wait for the chromatographic run to terminate anyway before performing the next 10 injection. 11
Post-extraction SPME cleanup. After each extraction from grape juice, the fibers were 12 rinsed by immersion into HPLC-grade water for 3 seconds. This cleanup step was also 13 performed at room temperature (25 °C), with a magnetic stirring of 700 rpm and a volume of 14 9 mL of water. At the end of the rinsing step, the fiber was gently dried by wiping it with a 15
Kimwipe® tissue. 16
Desorption system for SPME coupling to DBDI. SPME fibers were desorbed in a lab-built 17 stainless-steel desorption chamber (Fig.1) . A constant gas flow was maintained in this 18 chamber when connected to the MS through a leak-proof connection with the DBDI source. 19
The desorption chamber used in a previous study 10 was modified, to reduce adsorption of the 20 analytes desorbed from the fiber to the metal walls of the desorption chamber. This was 21 necessary because of the complex nature of the matrix analyzed. The internal diameter of the 22 chamber was adapted to accommodate a glass capillary, whose walls were passivated by 23 silanization using DMDCS (5% in toluene). The glassware was rinsed with DMDCS for 15 24 seconds, rinsed three times with toluene and methanol, and dried with nitrogen. A gas 25 overflow was maintained behind the fiber location in the chamber, to avoid any dilution of 26 the analytes or backflush. The gas flow inside the glass capillary was generated from the 27 underpressure inside the MS and not from a backpressure. The ionization source could be 28 kept at ambient pressure, to ensure its correct operation. 29
Mass spectrometry. The mass spectrometer used for the direct analyses was a Thermo LTQ 30
Orbitrap (Thermo Fischer Scientific). The total gas flow entering the source was constant and 31 dictated by the inlet of the mass spectrometer, i.e., the metal transfer capillary dimensions, 32 and measured to be 0.7 L/min. The optimization of the ionization source parameters has been 33 described elsewhere 10, 22 . 
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Ionization source. The details of the active capillary plasma source have already been 13 described elsewhere 10, 22 : an AC voltage is applied to two concentric tube-shaped electrodes 14 that are separated by a glass capillary connected to the MS-inlet. The DBDI voltage was 15 1.6 kV p-p , applied between the inner and outer electrode. The operating frequency was 16 5.75 kHz. The resulting low-temperature plasma generates mostly protonated ions, with little 17 to no fragmentation. This is mainly due to the very short residence time of the compounds 18 inside the reactive plasma, which is generated between the electrodes and has a tube shape. 19
This particular plasma shape results in the gas phase neutral analytes to come in contact with 20 the plasma itself only for a very short time, while mostly interacting with plasma-generated 21 reactive species during transfer into the vacuum. 22
Although air and nitrogen can be used as reagent gasses, with similar performance, the latter 23 was used to avoid interferences from room air contaminants (e.g., plasticizers). The high 24 temperatures required for SPME fibers during the desorption also required the use of nitrogen 25 to avoid oxidation of the extracting polymers. The nitrogen was humidified to 90% (R.H. at 26 1 inside the source allows more efficient transfer of protons to the neutral analytes. 2 Quantification. A matrix-matched calibration approach was used as quantitation strategy. 3
For DBDI analysis, samples were spiked with pesticide concentrations between 1 pg/mL and 4 100 ng/mL, and analyzed in triplicate. Atrazine-D 5 and metolachlor were used as internal 5 standards at a concentration of 1 ng/mL. The mass accuracy achieved was very satisfactory, 6
with a relative error below 1.5 ppm when using lock masses. A mass tolerance of 2 ppm was 7 used to generate extracted ion chromatograms (EICs), integrated over a time period of 2 8 minutes from the fiber exposure inside the desorption chamber. This time interval ensured 9 that most of the ion signal was integrated. In all cases, a 1/x weighting was used for the 10 calibration. The limits of quantification (LOQs) were calculated according to FDA guidelines 11 (lowest calibration point having RSD < 20% and accuracy between 80 and 120%). Bellefonte, PA, USA). Ultra-high purity helium (99.999%) was used as carrier gas with a 30 constant flow rate of 1.2 mL/min. Desorption of analytes from the SPME coating was 31 performed in splitless mode at 270 °C for 1.5 min. Evaluation of carryover of analytes onto 32 the fiber coating was performed by re-desorbing the same coating immediately after analysis. 33
Chromatographic separation of analytes was achieved using the following temperature 34 program: an initial temperature of 35 °C was held for 5 min; a ramp of 6 °C/min was then 1 used to reach a temperature of 250 °C, which was then held for 10 min, for a total run time of 2 50.83 min. The transfer line and ion source temperatures were 250 °C and 200 °C, 3 respectively. A solvent delay of 60 s was used. Electron impact ionization was performed at 4 70 eV; ions ranging from 35-600 m/z were acquired. 5 6
Results and discussion
7
In this work, we tested the performances of the matrix-compatible SPME coatings, namely 8 PDMS/DVB/PDMS, for the first time directly coupled to DBDI-mass spectrometry, using the 9 analysis of pesticides in grape juice as an example. The selection of this matrix represents a 10 challenging case, due to its high pigment and sugar content. The composition of the grape 11 juice matrix can easily induce side reactions during thermal desorption, resulting in artifacts 12 in gas chromatography 23 . Among the advantages of matrix compatible SPME coatings are a 13 greatly reduced risk of instrument contamination and less matrix effects and chromatographic 14 interferences. Both are very useful for direct coupling of the technique to mass 15 spectrometry 18, 19, 24 . Even if the use of matrix compatible coatings drastically reduces these 16 problems, it is critical to assess the efficiency of the SPME-DBDI coupling, where 17 chromatography is not performed, because matrix effects and contamination could in 18 principle be even more pronounced. 19
Firstly, the extraction time profile of the analytes in grape juice was investigated, using 20 durations between 5 and 120 min, by using the traditional GC-EI-ToF/MS setup. Considering 21 that most of the analytes under investigation did not reach equilibrium even at 120 min, a 30 22 min of extraction time was selected as a good compromise between sensitivity and method 23 throughput. To increase throughput, the extraction time was reduced to 20 min for the direct 24
SPME-DBDI-MS approach. 25
When chromatography is bypassed, all the compounds desorbed from the SPME fibers are 26 ionized and detected simultaneously. Therefore, the total ion current (TIC) obtained consisted 27 of only one peak that included characteristic [M+H] + ions of all pesticides tested (Fig.2) . 28
Pesticides belonging to different chemical classes and with a broad range of physico-29 chemical properties were extracted and quantified by the direct coupling approach. In Figure  30 3 calibration curves of representative target analytes are shown, and in Table 1 Table 1 for their exact masses). internal standards at 1 ng/mL were used, i.e., atrazine-D5 (A) and metolachlor (M).
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The direct SPME-DBDI approach showed the highest sensitivity for quinoxifen, trifloxitrobin 6 pyraclostrobin and pyriproxyfen, with experimental LODs of 3 pg/mL. All triazine pesticides 7
showed LODs of 10 pg/mL, while the sensitivity for organophosphorous pesticides was 8 variable. LODs from this class of compounds were from 30 pg/mL for sulfotep and thionazin, 9 to 10 ng/mL for parathion-methyl, which exhibited the worst sensitivity. Two of the 10 pesticides, pyrimethanil and cyprodinil, were also detected in the organic juice blank at 11 concentrations below the LOQs (mass spectra in With the exception of parathion-methyl, all pesticides could be detected and quantified at 1 concentration levels well below 10 ng/mL. This is the maximum legally allowed 2 concentration level of pesticides in different food/feed matrices, i.e., the maximum residue 3 levels (MRLs), according to the current EU regulation (EC 396/2005). Our method could 4 achieve a sub-ng/mL sensitivity, which is desired to exclude the presence of even low 5 amounts of pesticides in organic food. In some cases, e.g., for surface and drinking water 6 analysis, where the regulation is generally stricter compared to food analysis, such a 7 sensitivity is even required. 8
The linear dynamic range (LDR) of the method was two to three orders of magnitude. 9
Compared to our previous work on water samples 10 , in this work we noticed a narrower 10 LDR, due to the simultaneous ionization of all analytes in the DBD plasma, including matrix 11 components that can be either co-extracted or loosely attached to the coting surface. The 12 presence of matrix components is, in fact, detrimental both in terms of sensitivity and 13 reproducibility of the method. Generally, for fruit juices the most abundant interfering 14 compounds are phenolic compounds and sugars. The latter are especially undesirable during 15 the thermal desorption of the SPME, since the high temperatures reached in the desorption 16 chamber can cause their pyrolysis, leading to a significant reduction of the fiber lifetime and 17 production of artifacts. To minimize the above-mentioned phenomena, use of matrix-18 compatible coating is highly beneficial. Moreover, a pre-desorption rinsing of the SPME 19 coating was carried out after each extraction step, following the procedure reported in the 20 experimental section. While the cleaning step helped removing loosely attached residues 21 from the outer coating surface, several matrix constituents adsorbed by the coating could be 22 detected (Fig. 5) . The presence of matrix effects is also visible from the different linear 23 dynamic ranges achieved, with different compounds having different upper limits of 24 quantification. This suggests that the analytes and interfering molecules from the matrix are 25 competing inside the ionization source for the available protons (hydronium clusters) and 26 charges generated by the plasma. Although several matrix interfering compounds could be 27 observed, it is important to note that our DBDI source is generally less efficient in ionizing 28 phenolic compounds and sugars, which effectively reduces the problems associated with the 29 matrix effects. This is important especially when considering that many matrix components 30 can have a concentration significantly higher than the targeted analytes. 31 1 Fig. 5 . Positive ionization mode high resolution mass spectra: a) DBD plasma background signal (no SPME 2 desorption); b) desorption from a SPME fiber after a blank extraction from HPLC water; c) desorption from a 3 SPME fiber after a blank extraction from grape juice. Signal intensity was normalized to the same scale for all 4 three spectra (NL: 3.14E7, for the grape juice blank) 5 6
Hence, the direct coupling of matrix-compatible SPME and DBDI was successful in the 7 analysis of grape juice, whose complex composition did not severely compromise the 8 sensitivity and reproducibility of the method. In particular, reproducibility data are reported 9 in Table 2 . Intra-day RSD% (n=5, evaluated at 100 pg/mL, 1 ng/mL and 10 ng/mL) and inter-day RSD (n=5, 3 2 days, evaluated at 100 pg/mL, 1 ng/mL) for the considered pesticides and drugs.
4 5
In order to compare the performance of the new SPME-DBDI-(HR)MS set up with a 6 conventional analytical apparatus, the same analyses were carried out by SPME-GC-EI-7
ToF/MS. The results pertaining to linearity, linear dynamic range and achieved LOQs are 8 shown in Table 3 Table 3 . Linear regression parameters for the pesticides investigated, determined by SPME-GC-EI-ToF/MS.
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The internal standard was atrazine-D 5 at 10 ng/mL. a calculated from the calibration curves based on FDA 13 guidelines (lowest calibration point having RSD < 20% and accuracy between 80 and 120%) 14 15
When comparing the direct coupling approach to the conventional GC-EI-ToF/MS approach, 1 we found that the LDR is generally broader with DBD ionization. The sensitivity is also 2 higher with the direct coupling approach for most of the compounds, even with a shorter 3 extraction time. Parathion and parathion-methyl were found to be less easily ionized with 4 DBDI compared to electron ionization (EI). This is most probably due to in-source 5 suppression effects. The large difference in LODs compared to other organophosphorus 6 compounds is indicative of suppression by matrix interferences. This is also supported by 7 results recently reported for the SPME-GC-DBDI coupling 11 , where parathion and 8 parathion-methyl were efficiently ionized and detected at low pg/mL concentration levels 9 after SPME pre-concentration from water samples. 10
Generally speaking, EI produced on average similar LOQs for the different pesticides. In 11 contrast, since the ionization in DBDI mainly relies on proton transfer in very mild conditions 12 (room temperature, ambient pressure, low energy plasma) and ion-neutral interactions in the 13 reactive plasma, a large difference in ionization efficiency can be observed for molecules 14 with different structures and chemical properties, e.g., proton affinity and ionization energy. 15
When comparing the reported approach with literature values, a one-to-one comparison is in 16 most cases not possible, because of the different extraction devices and the different mass 17 spectrometers used. Compared to SPME-DART results reported in recent work by Ríos et al. 21 , our SPME-DBDI approach allowed to obtain similar LOQs. For some of the 19 analytes investigated, we were able to achieve even lower LOQs, e.g., for trifloxystrobin and 20 pyriproxyfen (both with LOQs of 10 pg/mL for SPME-DBDI, compared to 100 pg/mL of the 21 DART approach). In other cases, SPME-DART showed higher sensitivity, e.g., for 22 cyproconazole and malathion (both with LOQs of 1000 pg/mL for SPME-DBDI, compared 23 to 100 pg/mL of the DART approach). However, it is important to mention that the DART 24 results were obtained using different extraction conditions, and a triple quadrupole instead of 25 an Orbitrap used in this study. The sensitivity of the SPME-DBDI approach is expected to be 26 even higher when combined to a triple quadrupole mass spectrometer. 27
28
Conclusions
29
In this work, we presented for the first time the coupling of a matrix compatible SPME fiber 30 to a DBDI-MS system for rapid analysis of pesticides in grape juice. The use of a matrix 31 compatible SPME coating is critical especially when direct-MS analysis is carried for 32 complex food matrices, since the occurrence of matrix effects is drastically minimized or 33
